Early microcirculatory changes after focal cold injury of the cerebral cortex were examined in dogs with and without steroids by serial fluorescein angiography of the brain (FAB), by measurement of the diameter of epicerebral vessels, and by measurement of cerebral blood flow with the clearance method using krypton-85 and xenon-133. Changes in the transcerebral vessels were examined by x-ray projection microangiography.
T HE pathophysiology and treatment of brain edema have not yet been clarified despite numerous investigations? 4,42 Vasogenic edema is considered to follow injury to the vessel walls, which leads to an escape of water and plasma constituents into the surrounding parenchyma. Cytotoxic edema, on the other hand, produced by noxious factors that directly affect the structural elements of the parenchyma, causes intracellular swelling with minimal changes in the permeability of the vessel wa [1.1s,2s,2s Injury by application of cold to the cerebral cortex has been used as a reliable means of producing vasogenic edema. Progressive increase in the permeability of the vessel walls occurs in the injured area of the cortex, ~a2 as identified by dyes and radioisotopes, and parallels the advance of edema involving preferentially the white matter. 1,6,2~ However, no permeability changes can be identified in the blood vessels of the edematous white matter at a distance from the cortical lesions. 22 The injured cortex shows an increase of pinocytotic vesicles in the vascular endothelium, swelling of astrocytes, and enlarged extracellular spaces, especially in the vicinity of blood vessels, s,zs The edematous white matter, on the other hand, shows enlarged extracellular spaces containing amorphous material similar to that observed within the blood vessels, 28'3~ which lessen with increasing distance from the lesion. When horseradish peroxidase is used as a tracer, diffuse staining is seen in some of the endothelial cells in the injured cortical area, in pinocytotic vesicles and endothelial clefts, suggesting the route of leakage of the edema fluid. 2, 14, 15 In the edematous white matter, although the tracer fills the enlarged extracellular spaces, the vessel walls show infrequent pinocytotic vesicles, and appear to have intact tight junctions in the capillary endothelium. TM By double-tracer techniques, substances having different molecular weights such as fluoresceinlabeled albumin and a4C-sucrose, are noted to travel from the site of injury to distant white matter at the same rate? '~a'4~ This has been interpreted as indicative of bulk flow and not diffusion flow. Moreover, the speed and extent of sPread of edema fluid is influenced by hemodynamic factors, being diminished by lowering the systolic pressure and increased by hypertension. ~3 These findings suggest that it would be of value to determine in more detail the hemodynamic changes that occur at the site of injury and which may influence the generation of brain edema produced by cold injury of the cortex.
Previous Findings
Our preliminary study on early hemodynamic changes after cold injury to the cerebral cortex 48 indicated progressive and marked microcirculatory disturbances in the cortical capillaries and veins, which occurred within 5 minutes of the injury. Abnormal arterial circulation and arrested microcirculation were seen in later phases. This unusual sequence of circulatory disturbance appears to be of importance in relation to the mechanism of the driving force of "bulk flow."
The beneficial effect of steroid therapy in patients with brain edema was initially reported by Kofman, et al., 24 in 1957, Galicich and French ~1 in 1961, and Rasmussen and Gulati So in 1962. In some experimental animal studies, TM steroids were not effective, possibly due to inadequate measures for assessing the extent of the edema and variation in the biological activity of the drugs in various species, depending on the route of administration? 8 The initial demonstration by Prados, et al., 37'aa in 1945, that adrenal cortical extract or ACTH were beneficial in relation to microvascular and cellular changes in brain swelling was confirmed by other studies which showed the beneficial effect of steroids by change in weight of the traumatized hemisphere or in its RISA content, 3~ distribution of the extravasated dye, 3~ and electron microscopic findings. 29.31 These were observed 24 hours 2a,3~,42 or 48 hours 36 after the injury. However, steroids appeared to have no significant effect on vasogenic edema within the first 24 hours of the injury. 3~,a3,35 Although several possible explanations of the effect of steroids on brain edema have been described, ls,3~ the exact mechanism of their action is not known. Because of the evident significance of early microcirculatory changes in this experimental model of brain edema, a study of the hemodynamic effects in relation to cold injury of the cortex has been examined in vivo, using fluorescein angiography 9,4~,5~ to visualize the patterns of flow in the various circulatory segments, arterial, capillary, and venous, and to identify extravasation of dye from damaged vessels. Quantitative changes in focal blood flow in the cortical microcirculation have also been determined by radioisotope clearance techniques. Further structural changes in the penetrating transcerebral blood vessels were identified by x-ray projection microangiography.
These findings demonstrate features that are important in the genesis of edema following cortical injury, and indicate the significant role of the selective damage to different compartments of the epicerebral and cortical microvascular circulation. Some of these changes are shown to be prevented in part by treatment with cortical steroids.
Materials and Methods

Preparation of Animals
Animals were anesthetized with pentobarbital (25 mg/kg by intravenous injection for dogs and 30 mg/kg intraperitoneal injection for cats, and supplemental doses as needed). Arterial and venous cannulas in the femoral artery and vein were used for recording blood pressure, for measuring arterial pCO~, pO2, and pH,* and for injection and infusion of fluids and drugs. Respiration was maintained in the normocapnic state by way of an endotracheal tube with a mechanica ! respirator.t In dogs, a polyethylene catheter was introduced into the left lingual artery with its tip at the junction with the external carotid artery. With the head of the animal fixed in a stereotaxic holder, a large craniectomy exposed the left cerebral hemisphere. After reflecting the dura, the brain was protected with transparent polymer film (Saran Wrap) and by frequent irrigation with Eltiott's solution at 36 ~ C.
Production of Cold Injury to the Cortex
A small cryogenic injury was made over the parietal region of the cortex, by application for 1 minute of a brass plate fixed to the tip of a probe of the CE-2A cryosurgery equipment.$ The selected temperature of the tip of the probe was maintained within 2 ~ C throughout the operation. The brass plate had a surface of 4 x 10 mm for cat experiments and 14 • 14 mm for dog experiments.
Temperature changes at different depths under the injured cortical surface were measured by a microthermistor probe and galvanometer-balanced wheatstone bridge. The probe consisted of a thermistor lead mounted on the tip of a No. 24 stainless steel tube, isolated thermally and electrically by varnish coating.
The plate, at -65 ~ C, was applied for 1 minute on the cat brain, at which time the temperature of the brain tissue had decreased from 37 ~ to 3 ~ C at a depth of 2 mm, and to 22 ~ C at a depth of 5 mm. With application of the plate at -80 ~ C for 1 minute, the temperature of the brain tissue decreased to -6 ~ C at a depth of 2 mm and 0 ~ C at a depth of 5 mm from the injured cortical surface. Using dry ice and acetone, ~9,3~ Klatzo found that a 20-second injury decreased the temperature of the brain tissue to 21 ~ C at a depth of 2 mm from the cortical surface, and to 27 ~ C at a depth of 5 mm, which represents a less severe temperature reduction as compared to our experiments.
Examination of Microcirculatory Changes
Fluorescein A ngiography. For fluorescein angiography of the brain (FAB), 1.6 ml of 1% fluorescein solution were injected into the common carotid artery as rapidly as possible through the catheter placed in the lingual artery. Color fluorescence photographs in rapid sequence (3 to 5 frames/sec) were taken before and at 5 minutes, 15 minutes, 1 hour, and 2 hours after the injury. Detailed flow patterns in the epicerebral vessels and in the cortical microcirculation, as well as leakage of dye from increased permeability, are readily displayed by this technique? ,~9,~~
Measurement of Diameter Changes of Epicerebral
Vessels. Using a motor-driven Nikon F2 camera with a fixed-focus 200 mm medical Nikkor lens, photographs of the cortical surface were taken on Kodachrome II color film at • 1.5 to X 2 magnification at different stages throughout the experiment. Vessel diameter was measured under a low-power microscope (• 35) with a • 3.5 objective and an ocular to which a micrometer was fitted. These measurements were calibrated from a stagemicrometer. 46 
Measurement of Regional Cerebral Blood Flow.
Four miniature lithium-drifted silicon detectors were placed over the transparent polymer film on the exposed cerebral cortex at selected sites on and adjacent to the cold-injured area. Cortical blood flow was measured from clearance values of krypton-85 (SSKr) and global regional blood flow was measured from xenon-133 (laaXe) clearance values before and at periods up to 3 hours after cortical injury) 9,45
On-line computer (PDP-12) analysis was used to calculate regional cerebral blood flow (rCBF) values from 85Kr and a33Xe clearance curves by our modification ~6'5~ of the stochastic analysis of Zierler. ~ The depth sensitivity of our semiconductor detectors for measurement of 670 KeV beta-emitting 85Kr was within 2.5 mm of the brain tissue, a2,17' 25' 26' 48 giving a restricted range suitable for measurement of cortical blood flow. The depth sensitivity of our detectors, determined from a point source of 81 KeV gammaemitting 13aXe in water, indicated a 10% isoresponse curve at a depth of 8 mm from the surface and 7 mm along the surface from the center of the detector, giving an rCBF in adjacent gyri as well as deep white matter. 1~176 The values for rCBF are expressed as Fp,
(flow/partition coefficient) x~,4a rather than as the absolute value of cc/100 gm/min, since the difference between the mean partition coefficient of the control and pathological states for both a~Kr and la3Xe was not examined.
X-Ray Microangiography. At the end of the dog experiments and at 15, 30, and 60 minutes, and 2 and 24 hours after cold injury in the cat experiments, the animals were killed with intravenous pentobarbital. Both common carotid arteries were perfused through cannulas for 10 to 15 minutes with heparinized physiological saline.
During the perfusion, the chest was opened. The brachiocephalic, both subclavian arteries, and both vertebral arteries were ligated. The brachiocephalic vein was opened for free drainage. One of the internal maxillary veins of the dog and both internal jugular veins of the cat were cannulated, and both maxillary veins and brachiocephalic veins were ligated. Contrast medium, composed of 20% Micropaque in 3% gelatine ",4~ was infused with a pumpw under pressure, not over the mean arterial pressure, through both common carotid arteries for arterial infusion and through catheterized veins for venous infusion. During the infusion, the epicerebral vasculature was examined grossly to estimate the adequacy of filling with Micropaque. When infusion was completed, the brain was taken out and fixed in 10% formalin. After 1 week of fixation, coronal sections about 7 mm thick containing the lesion were made and penetrating cerebral vessels were displayed on film by an x-ray projection microscope. II
Experimental Series
Eighteen mongrel dogs weighing 18 to 25 kg, and 34 cats weighing 3.5 to 4.5 kg were used. These were divided into three series.
Series I dogs were used to determine the differences in early cerebral hemodynamic changes after a cold injury to the cortex of -65 ~ C as compared to -80 ~ to -100 ~ C. In Group A, cold injury at -65 ~ C was applied to the parietal cortex in five dogs. In Group B, cold injury at -80 ~ to -100 ~ C was applied to the parietal cortex in seven dogs.
Series II dogs were used to determine the effects of steroids on the early cerebral hemodynamic changes following a -65 ~ C cold injury of the cortex. The six dogs in Group C were given dexamethasone, 4 mg/kg of body weight, intravenously 10 to 15 minutes before cold injury at -65 ~ C to the cortex, and then 2 mg/kg of body weight for the next 2 hours. Group A was used as a control group. Series III was the cat experiments, in which cortical injury was made at -80 ~ C for 1 minute.
Results
Series I and III
The difference in early cerebral hemodynamic changes between Group A (-65 ~ C) and Group B (-80 to -100 ~ C) was determined in the Series I dog experiments, and in Series III in cats.
Changes of Regional Cerebral Blood Flow. The regional cerebral blood flow (rCBF) was examined before and 30 minutes to 3 hours after cold injury of the parietal cortex from seven to nine cortical areas in the lesions and seven to 18 cortical areas in the neighboring cortex in Group A (-65 ~ C), and from I I to 17 cortical areas in the lesions and seven cortical areas in the neighboring cortex in Group B (-80 ~ to -100 ~ C). The results are summarized in Tables 1 and  2 . The mean cortical blood flow in the injured areas of Group A (-65 ~ C), as measured within 30 minutes of the injury by the 85Kr clearance technique for cortical blood flow, was reduced to 40% of the control level (1.474 + 0.171 to 0.594 -t-0.082). It remained unchanged for the next 2 hours. In Group B (-80 ~ to -100 ~ C), cortical blood flow decreased to 28% of the control level (1.177 + 0.078 to 0.333 + 0.063). There was a further progressive decrease to 17% of control (0.205 + 0.062) in the next 2 hours (Table 1) . There was a significant difference in the reduction rate of the cortical blood flow in the lesions of Groups A and B.
There was no significant change in the cortical blood flow in the neighboring cortex before and up to 2 hours after injury in Group A. However, there was a significant slight progressive reduction in the cortical blood flow (-24%) in the neighboring cortex in Group B ( Table 1 ).
The rCBF measured by the 138Xe clearance technique in the lesion showed a slight reduction to 73% of the control level (0.483 4-0.034 to 0.351 + 0.013) within 1 hour of the injury in Group A. This gradually progressed to 0.338 • 0.016 or 70% at 2.5 hours after injury ( Table 2 ). The rCBF measured by 18aXe clearance in the neighboring cortex also showed a slight significant reduction (86% to 81% of control level) after the injury. In Group B, there was a reduction to 25% of the control level of 0.469 + 0.021 to 0.353 + 0.009 within 1 hour and further reduction to 0.309 • 0.013 (-34%) at 2.5 hours after the injury (Table 2 ). There was a slight reduction of rCBF (up to 15%) in the neighboring cortex in Group B (Table 2) .
There was no significant difference in reduction rate of the rCBF, measured by the laaXe clearance technique, in the lesions as well as in the neighboring cortex of Group A and Group B.
Fluorescein A ngiographic Findings
Fluorescein angiograms before and after the cold injury (-65 ~ C) in Group A showed characteristic changes in the epicerebral microcirculation in the injured site, which can be divided into two phases. The initial changes, usually within 5 minutes of the injury, consisted of rapid circulation time with early filling of the cortical veins and perivascular leakage of the fluorescein dye about the small veins and capillaries (Fig. 1 D, E, F) . At 15 minutes after the injury, 88% of small veins under 50/a and 29% of veins between 50 to 100 u in diameter did not contain fluorescein dye. Within 1 hour, circulation time was further prolonged, and the veins without dye were increased in number. Larger veins and small arteries were also seen to contain no dye. At 2 hours after the injury, 94% of small veins less than 50 # in diameter, 47% of veins between (continued --,) 50 to 100/~ in diameter, and 40% of small arteries less than 50 ~z in diameter failed to fill with dye in all circulatory phases (Fig. 2 B) . Leakage of dye was seen about the small and large veins as well as larger arteries and arterioles.
In areas of cortical injury produced by lower temperatures in Group B ( -8 0 ~ to -100 ~ C), FAB showed more rapid and dramatic changes within 15 minutes of the injury. The leakage of dye developed more rapidly and extensively in arterial as well as venous vessels (Fig. 1 I) . All veins less than 50/~, 13% of veins between 50 to 100 ~, and 56% of arteries under 50 ~ in diameter in the injured site failed to fill with dye ( Fig. 1 G, H, I ). The number of epicerebral vessels not filled with dye in all phases increased more rapidly with time in Group B as compared to Group A. Two hours after the injury, all veins under 200/~ in diameter and 87% of small arteries under 50 /a in diameter were not filled with dye in the lesion, indicating almost total arrest of microcirculation. Progressive fluorescein staining of the vessel walls and perivascular leakage of dye were present in the large arteries over 200/x in diameter (Fig. 2 D) . The changes seen in FAB at 5 minutes after injury in Group B are similar to those at 2 hours after injury in Group A (Figs. 1 I and 2 B) .
The circulation time of dye in the epicerebral vessels was estimated in the injured area by measuring the time from initial appearance to the disappearance of dye in the arteries 50 to 100 ta in diameter. In Group A, within 5 minutes of the injury, arterial and venous circulation time was reduced with the early-filling vein phenomenon. After 1 hour, circulation time was progressively prolonged, particularly on the arterial side. In Group B, some experiments showed a rapid circulation time, while in other cases it was prolonged with and without appearance of the early-filling vein phenomenon, but the mean value stayed at the control level. Fifteen minutes after the injury, the arterial and venous circulation time was prolonged more than in Group A, and 1 hour after the injury a majority of the epicerebral veins in the injured area were not visualized. Immediately after the injury, the majority of epicerebral arteries at the edge of the injured area showed marked segmental spasm with 40% to 50% reduction in diameter (Fig. 3) . This segmental spasm gradually improved but was still present 2 hours after injury. In the injured area, all the epicerebral arteries showed a slight initial increase in diameter of 10% to 20%, and then gradually returned to the pre-injured diameter. In the venous site, diameter of the epicerebral veins did not change initially, and then gradually decreased. This was probably due to a progressive accumulation of extravasated fluid and slowed blood flow, which were visualized by fluorescein angiography.
X-ray Microangiography
X-ray microangiography of the cat brain at various times after injury, showed progressive occlusion of the penetrating cortical vessels in the injured cortex, with earlier and more extensive occlusion in the venous system. In Group A of the dog experiments, arterial infusion of the Micropaque showed a thin avascular area in the superficial layer of the injured cortex (Fig.   4 left) . Below this avascular cortical area, there was no significant change in the microvasculature as compared to the adjacent uninjured gyri. In contrast, the venous infusion showed a deeper non-vascular area, but with some of the deep penetrating veins being occasionally preserved (Fig. 4 right) .
Series H
The effect of steroids on the early cerebral hemodynamic changes after a -65 ~ C cold injury of the cortex was shown in Series II dogs.
Regional Cerebral Blood Flow. In Group C, cortical blood flow with 85Kr showed 35% reduction from the control level of 1.268 + 0.101 to 0.823 + 0.071, which gradually progressed to 0.682 4-0.040 (-46%) within 2 hours (Table 3 ). This reduction rate was significantly less than that of Group A (p < 0.01) 30 
Effect of steroids on cortical cold injury T A B L E 3
Regional cerebral blood flow (rCBF) changes in dog cerebral cortex following cryogenic injury:
SSKr clearance study in Groups A and C* 3 . F l u o r e s c e i n a n g i o g r a p h y s h o w i n g d i a m e t e r c h a n g e of the epicerebral vessels. T h e r e is s t r o n g s e g m e n t a l s p a s m just outside the lesion (lower h a l f of the figure) and slight dilatation of the arteries in the injured area. minutes and 2 hours after the injury. There was no significant difference 1 hour after the injury. The rCBF with '33Xe in Group C showed a 19% reduction within 45 minutes of the injury from the control level of 0.467 4-0.016 to 0.379 + 0.015, and 21/2 hours after the injury was reduced by 26% to 0.346 + 0.014 (Table 4 ). There was no significant difference in these values, in both groups, at any stage.
Fluorescein A ngiography. The findings of the fluorescein angiography in Group C were very similar to those of Group A, but with better filling of the dye in the small epicerebral vessels (Fig. 5) . In Group C, 64% of veins under 50 u in diameter were not filled with dye as compared to 88% in Group A, 15 minutes after the injury, and 85% at 2 hours as compared to 94% of the same size of vein in Group A. Also, 28% of small arteries under 50 u in diameter were not filled in Group C, as compared to 40.5% of the same size of also an increased number of short penetrating veins preserved in Group C as compared to Group A. There was no particular difference in the filling pattern in the long as well as short penetrating vessels in the neighboring cortex between Group C and Group A.
Discussion
The current concept for production of cerebral edema in the vasogenic model is that edematous fluid is produced by the continuous leakage of fluid from damaged capillaries. The degree of production of brain edema is influenced by transmural pressure. 11 '9 The counteracting resistance of the interposed cellular structures generates a local increase in interstitial fluid pressure (ISF). 41,46 The resulting pressure gradients, through the expanded extracellular channels from edematous to normal white matter and to cerebrospinal fluid space, act as a driving force by which the edema fluid may spread as "bulk flow. ' ' 8~176
Our present experiments show characteristic changes in the epicerebral microcirculation following cold injury, with initial short circuit of blood flow and progressive arrest of the microcirculation. This disturbance is seen initially in the small veins and then in large veins and small arteries. At the same time, there is abnormal arterial circulation with protein leakage from the walls of large arteries. This particular pattern was well established within 2 hours of cold injury at -65 ~ C (Group A) and within 15 minutes of cold injury at -100 ~ C (Group B).
These findings are further supported by the reduction of the cortical blood flow in the injured area as well as by the progressive obstruction of the penetrating cortical arteries with early disappearance of penetrating veins, as revealed by x-ray microangiography. After venous infusion, non-filling in the venous microcirculation not only in the injured area, but also in the edematous white matter, may be related to increased tissue pressure, as suggested by Shulman, et al. 46 We have shown earlier, similar perivenous leakage of dye on FAB after simple selective occlusion of epicerebral veins, where venous pressure is increased by reduction of the number of collateral venous pathways. 27 Although no studies have been reported on the microcirculatory change in the cold-injured cortex in vivo, Baker, et al., 2 have described the presence of intravascular thrombi in the area with maximum damage 1 minute after the injury. Blakemore 3 has described residual red blood cells in the vascular lumen of the injured cortex because of the difficulties with perfusion fixation for electron microscopy. Yamaguchi, et al., "7 have examined microvascular changes of compression edema in the brain with colloidal carbon infusion, and have found unsatisfactory filling of colloidal carbon and narrowing of vessels in the maximally compressed area. These findings support our present marked results showing dynamic disturbances in the microcirculation in the injured cortex.
The extravasation of the fluorescein dye in the injured area is more marked in the later phase in Group A. Also, in Group B, a more rapid spread of microcirculatory arrest, with more intensive extravasation of dye from large arteries, with preservation of abnormally slower arterial circulation as compared to Group A is observed. In other words, arterial circulation is preserved but is not normal, as evidenced by the leakage of dye from the arterial walls. The venous microcirculation is almost completely arrested (Figs.  6 and 7) . This pattern of an imbalance of preserved inflow vessels and occluded outflow vessels could be the main cause of progressive production of the edema fluid. These findings suggest that the site of extravasation of the edema fluid is not the capillaries, but the damaged arterioles and larger arteries.
Recently, Cerv6s-Navarro, et al.) demonstrated enlarged perivascular spaces around the arterioles, but not around the capillaries, and described the site of extravasation of the edema fluid as being mainly the arterioles. The fact that the pressure gradient between arterioles and brain-tissue fluid is higher than that between capillaries and brain-tissue fluid could provide a driving force for spreading of the edema fluid as bulk flow throughout the expanded extracellular space. Since the transmural pressure of arterioles changes more directly in proportion to the systemic blood pressure than that of capillaries, this may result in an increase or decrease in the intensity of brain edema with hypotension and hypertension as described by Klatzo, et al. 23 Another interesting feature is the preservation of circulation in the relatively large epicerebral veins, despite the almost complete arrest of the epicerebral microcirculation which was shown on FAB in Group B. This phenomenon is clarified by x-ray microangiography. With arterial infusion, the superficial portion of the injured cortex appeared less vascular; although, in the deep cortical layer and subcortical white matter, the arterial microvasculature was well preserved. With venous infusion, some of the deeply penetrating veins connecting with the epicerebral veins were preserved. This evidence suggests that the blood flowing in deep cerebral tissue comes out to the injured cortical surface through the deep penetrating veins.
There was also a significant difference in the reduction rate between cortical blood flow studied by the 85Kr clearance technique and rCBF by the a33Xe clearance technique. This discrepancy exists because 85Kr clearance studies selectively measured the injured cortex, but the 13sXe clearance technique gave changes of rCBF not only from the injured cortex but also from the adjacent normal cortex.
When a large amount of dexamethasone was injected before the freezing injury, there was a significant improvement in the cortical blood flow measured by the 85Kr clearance technique, better preservation of the epicerebral microvasculature observed by FAB and of penetrating cortical vessels observed by x-ray microangiography. These quantitative and structural benefits from steroids provide a basis for explaining the improvement noted in vasogenic edema by other authors. 8,13,~2,3a,36,' They are also consistent with the findings of Long, et al., 3~ who described from electron microscopic studies that anoxic changes in the neuron in severely edematous cortex were reduced in glucosteroid-treated animals. However, none of these authors reported the effectiveness of the corticosteroids within 24 hours of the freezing injury. The exact mechanism by which dexamethasone protects the microcirculation in the injured cortex merits further investigation. However, this preservation of the microcirculation might play an important role in the improvement of later-developing, widespreading brain edema.
